INTRODUCTION
Rubella virus is an important human pathogen that causes an acute, contagious disease known as rubella, 3-day measles or German measles, and severe birth defects (known as congenital rubella syndrome) when infection occurs during the first trimester of pregnancy (Chantler et al., 2001) . Rubella virus is the single member of the genus Rubivirus in the family Togaviridae and is an enveloped, single-stranded, positive-polarity RNA virus with a genome of approximately 10 kb. The genome contains two long open reading frames (ORFs): the 59-proximal ORF (NSP-ORF) encodes two non-structural proteins, P150 and P90, that function in RNA replication, and the 39-proximal ORF (SP-ORF) encodes three structural proteins: the capsid protein, C, and two envelope glycoproteins, E1 and E2. The SP-ORF is translated from a subgenomic RNA synthesized in infected cells (Frey, 1994) . The genome also contains untranslated regions (UTRs) at its 59 and 39 ends and between the ORFs (known as the junction region).
Although rubella occurs worldwide, vaccination efforts with live-attenuated vaccines have been concentrated in developed countries. Currently, approximately 50 % of countries have national vaccination efforts against rubella (Robertson et al., 2003) . Isolation and genetic sequencing of rubella viruses has been most thorough in countries pursuing elimination (Bosma et al., 1996; Frey et al., 1998; Icenogle et al., 2006; Katow, 2004; Katow et al., 1997a, b; Reef et al., 2002; Saitoh et al., 2006) ; however, collections have recently been assembled from other regions of the world (Donadio et al., 2003; Katow, 2004; Zheng et al., 2003a, c) . Recently, a standard taxonomy for rubella viruses was adopted based on sequences of a standard window within the E1 gene and supported by sequencing of the SP-ORF of selected viruses (WHO, 2005) . The taxonomy consists of two clades [corresponding to the previous genotypes I and II (Frey et al., 1998; Zheng et al., 2003a) ] containing a total of ten genotypes, seven in clade 1 (1a, 1B, 1C, 1D, 1E, 1F and 1g) and three in clade 2 (2A, 2B and 2c); the genotypes designated in lower case are provisional. Within the E1 gene, maximal variation among clade 1 viruses is 5.8 %, that among clade 2 viruses is 8.0 %, and it is 8.2 % between the two clades (Zheng et al., 2003a) . Geographically, clade 1 viruses circulate worldwide, whilst clade 2 viruses thus far have been restricted to Eurasia.
Thus far, ten complete genomic sequences of Rubella virus have been reported, which represent only two of the ten Supplementary tables are available in JGV Online.
genotypes (eight sequences of genotype 1a viruses and two sequences of genotype 2A viruses). Among these sequences, genomic genetic variability is similar to that in the E1 gene, with the exception of a 'hypervariable region' (HVR) of greater variability in the middle of the P150 non-structural protein gene (Hofmann et al., 2003; Zheng et al., 2003b) . Given the lack of representation of the majority of the genotypes in the current genomic database, the first goal of this study was to expand the number of genomic sequences, using viruses in our collection from six additional genotypes (1B, 1C, 1D, 1E, 2B and 2C). The second goal of this study was to extend phylogenetic analysis to 59 regions of the genome, which had not previously been done. To this end, the sequence of the non-structural protease-encoding region within the P150 gene was determined and compared phylogenetically with the sequences of the junction region and the E1 gene from 43 viruses representing eight genotypes.
METHODS
Viruses, cells, RNA extraction, cDNA amplification and DNA sequencing. The viruses analysed in this study are listed in Table 1  (genomic sequences) and Supplementary Table S1 , available in JGV Online (genomic regions). The Cba strain was provided by Dr Marta Zapata, University of Cordoba, Cordoba, Argentina. A monolayer of Vero cells (25 cm 2 T-flask or 60 mm plate) was infected with each virus. Three to five days post-infection, the culture medium was removed and total cellular RNA was extracted by using Tri-Reagent (Molecular Research Center) using the manufacturer's protocol. The RNA extracted from one 25 cm 2 T-flask or one 60 mm plate was resuspended in 50 ml double-distilled H 2 O and stored at 280 uC until use. cDNA was synthesized in a 20 ml total reaction volume reaction containing 5 ml denatured (95 uC, 5 min) RNA template, 4 ml 56 Reverse Superscript buffer (Invitrogen), 4 ml 2.5 mM dNTPs, 1 ml 0.1 M dithiothreitol, 1 ml 4 mM 39E1/808 reverse primer (59-TTTTTTTTTCTATACAGCAAC-39; T 9 followed by the complement of nt 9751-9762 of the rubella virus genome), 1 ml (40 units) RNasin (Promega) and 1 ml (200 units) Superscript reverse transcriptase III (Invitrogen). The reaction was incubated at 55 uC for 60 min and then stored at 220 uC prior to use in PCR. Each 50 ml PCR contained 25 ml 26 GC buffer I&II (TaKaRa), 8 ml 2.5 mM dNTPs, 3 ml cDNA template, 1 ml 40 mM appropriate forward and reverse primers and 0.5 ml (2.5 units) LA Taq polymerase (TaKaRa). Cycling parameters were determined according to the manufacturer's (TaKaRa) recommendations. For genomic sequencing, 10-11 overlapping fragments encompassing the entire genome were amplified by using appropriate primer pairs. The primers used to amplify the genomic regions are listed in Supplementary  Table S2 , available in JGV Online. Amplified fragments were purified following agarose-gel electrophoresis by using a QIAquick gel extraction kit (Qiagen). Sequencing reactions were performed bidirectionally by using appropriate primers and cycle-sequencing kits (ABI PRISM BigDye Terminator v. 3.1; PE Applied Biosystems) and resolved by using a 3100 Genetic Analyzer (Applied Biosystems). The 59 and 39 ends of the genome were determined by using a 59/39 FirstChoice RLM-RACE kit (Ambion Inc.).
Sequence analysis. For cataloguing and storage, sequences were input into free online sequence-alignment software (ALIGN Query, GENESTREAM SEARCH network server IGH, Montpellier, France; http://xylian.igh.cnrs.fr/bin/align-guess.cgi). The assembled nucleotide sequences were aligned by using the CLUSTAL_W multiple sequence-alignment program version 1.8 (Henikoff & Henikoff, 1994) and the PileUp program in the GCG software package (Genetics Computer Group, version 11.0; Accelrys Inc.). The TN93 substitution model (Tamura & Nei, 1993) with discrete gamma-distributed rate heterogeneity with eight gamma rate categories (Yang, 1994 ) (TN93+C model) was used as a substitution model for phylogenetic reconstruction, as it was found statistically to be the best fit for our datasets. Maximum-likelihood (ML) phylogenetic analysis (Strimmer & von Haeseler, 1996) . ML genetic distances and nucleotide-substitution statistical parameters were estimated under the selected TN93+C substitution model with an initial neighbour-joining tree and then the best ML tree was reconstructed with these optimized parameters by using the quartet-puzzling method in the TREE-PUZZLE program. Fifty thousand and one hundred thousand quartet-puzzling steps were performed in constructing trees from the 19 genomic and 43 genomic region sequences, respectively. Sequence similarities and observed distances were calculated by using the Old Distance program in the GCG software package. A nucleotide sequence PLOTSIMILARITY plot across the genome (100 nt window) was generated by using the PLOTSIMILARITY program in the GCG software package. As the sequences of genotype 1a viruses were over-represented, the plot was generated by using six sequences from each clade, including members from each genotype. Nucleotide sequence substitution-rate analysis was carried out with PILEUP (GCG package), fastDNAml (version 1.2.2) and DNArates (version 1.1.0), employing default parameters. To detect recombination, phylogenetic analysis of sequences on either side of putative break points was conducted by using TREE-PUZZLE with the same parameter settings as were used in the genomic sequence analysis. Recombination was also analysed by using the sequence recombination-detection programs TOPALi (Milne et al., 2004) , RIP 2.0 (Recombination Identification Program; http://hivweb.lanl.gov/RIP/ RIPsubmit.html) and the four-cluster likelihood mapping analysis in the TREE-PUZZLE program.
RESULTS

Genomic sequences and comparisons
A representative rubella virus phylogenetic tree based on the standard E1 gene window recommended by the WHO (nt 8291-9469) and containing the reference viruses for each genotype and the ten viruses for which the genomic sequence has been determined is shown in Fig. 1 . As the genomic sequences were from genotype 1a and 2A viruses, the genomic sequences of nine representative viruses from six additional genotypes were determined (Table 1) . Among these 19 viruses, with three exceptions, the genomes were 9762 nt in length and consisted (59-39) of a 40 nt 59 UTR, a 6351 nt NSP-ORF, a 120 nt junction region, a 3192 nt SP-ORF and a 59 nt 39 UTR. All three exceptions were in the junction region: the genome of one of the genotype 1B viruses (GUZ_GER92) was 9760 nt in length because it had a deletion of 2 nt at positions 6480-6481 (between the end of the NSP-ORF and the SG RNA start site) and the genomes of both genotype 2B viruses were 9761 nt in length because they had a deletion of 1 nt at position 6422 (between the SG RNA start site and the start of the SP-ORF). Fig. 2 shows a similarity plot across 12 genomic sequences proportionally representing all eight genotypes. Overall variability averaged approximately 7 % and was roughly comparable across the genome, with the exceptions of the 59-terminal approximately 400 nt, a region encoding the methyl/guanylyltransferase (MT) domain within the P150 gene that exhibited variability of approximately 4 %, and a region of the P150 gene encompassing nt 2100-2400, the HVR, in which local variability peaked at up to 18 %. Pairwise observed genomic distances between viruses in different genotypes (see Supplementary Table S3 , available in JGV Online) ranged from 2.0 to 8.7 %. The range of pairwise observed distances for genomic regions (the five genes and domains within P150 and P90) and the 39 cis-acting element (39CAE) is given in Table 2 . Maximal observed distances of these regions were shown to range from 8.29 to 11.44 %, with the exception of the MT domain (5.24 %) and the HVR (21.18 %). Given this limited degree of variability across most of the genome, it was not suprising that 78 % of the nucleotides in the genome were invariant across the 19 sequences ( Table 2 ).
The additional sequences contributed by this report greatly expand information on the genomic diversity of rubella viruses and, therefore, we took the opportunity to calculate a number of evolutionary parameters ( Table 2 ). The maximum pairwise genetic distance (see Supplementary  Table S3 , available in JGV Online) was 14.78 substitutions in 100 sites, greater than the largest observed distance (8.74 observed substitutions in 100 sites). The maximal genetic distances for the genomic regions (the five genes, domains within P150 and P90 and the 39CAE) ranged from 13.97 to 23.0 substitutions in 100 sites, with the exception of the MT domain (6.77 substitutions in 100 sites) and the HVR (35.85 substitutions in 100 sites). The transition/transversion site parameter (K) was 7.04 for the entire genome and ranged among genomic regions from 4.5 (HVR) to 13.35 (39CAE). The pyrimidine and purine (Y/R) transition parameter of entire genome was 2.7 and varied among the genomic regions from 0.93 (X domain of the P150 gene) to 3.7 (C gene). To test whether the observed distance simply underestimates the genetic distance or whether substitution saturation has been reached, the pairwise number of transitions and transversions was plotted as a function of the calculated genetic distance (by using DAMBE; Xia & Xie, 2001) , with the result that both transitions and transversions increased linearly with genetic distance, with the number of transitions being higher than transversions (data not shown). Neither reached a plateau, indicating that substitution saturation had not occurred.
Among the 19 genomic sequences, 78 % of the nucleotides were invariant. Not surprisingly, the parameter of rate heterogeneity, a, was 0.22 for the entire genome and varied between 0.19 and 0.33 across the genomic regions, with the exception of the HVR, within which a=1.35. These small a values indicated a strong substitution-rate heterogeneity among nucleotide sites across most of the genome (i.e. more than three-quarters of the nucleotides remained constant, whilst fewer than one-quarter exhibited variability). Within the HVR, 46 % of the nucleotides were variable.
Phylogenetic analysis
ML phylogenetic trees constructed from the complete genomic sequences, as well as from the NSP-and SP-ORFs, are displayed in Fig. 3 . As in the E1-based tree, the six clade 2 sequences formed a clear, consistent branching pattern with high support values in all three trees, indicating that genotypes 2A and 2B are related more closely to each other than to genotype 2c. In clade 1, the groupings of genotypes 1B, 1C, 1D and 1E on the three trees were consistent: the two genotype 1B sequences formed a branch, as did the individual genotype 1D and 1E sequences, whilst the individual genotype 1C sequence extended from the baseline with no relative relationship to other genotypes. On the genomic and SP-ORF trees, the eight genotype 1a sequences grouped into four pairs, indicated in Fig. 3 as a1 (TO-w and TO-v; a wild-type parent and the attenuated vaccine derived from it), a2 (Fth and RA27/3; both isolated in the northeastern USA in 1964), a3 (CEN and M33; isolated from Europe and the USA in 1961-1962) and a4 (SUR and ULR; both isolated from eastern Europe in 1974 and 1984) . Interestingly, on the NSP-ORF tree, M33 separated from CEN (a3) and clustered with the a4 grouping. We also constructed trees by using the sequences of the genes and regions within the NSP-ORF and SP-ORF (data not shown), with the result that they had the same general topology as the ORF-generated trees. The exception was the HVR-generated tree, on which each of the clade 1 viruses formed an individual branch, apart from the a1 and M33-SUR groupings, which were preserved.
Extensive phylogenetic analysis has not been done previously using sequences from 59 regions of the genome. To do so, trees were constructed from the sequences of the nonstructural protease (NP) region (nt 3035-3973; Fig. 2 ), the junction region and adjacent sequences (JR; nt 6351-6829, which includes the 39 end of the P90 gene, the UTR between the ORFs and the 59 end of the C gene) and the E1 gene [nt 8731-9469, the recommended window for routine genotyping (WHO, 2005)] of 43 viruses representing eight genotypes. ML phylogenetic trees constructed from these sequences are shown in Fig. 4(a) . Clustering of viruses on the three trees was similar, with the exception of a group of seven genotype 1B viruses that formed a single branch on the NP tree and two branches (one of five and one of two viruses) on the JR tree, but did not form a cluster on the E1 tree. The single-nucleotide deletion at nt 6422 in the junction region detected in the genome sequence of the two genotype 2B viruses was confirmed in the JR sequences determined from three additional genotype 2B viruses, and the 2 nt deletion at nt 6480-6481 detected in the genome sequence of one of the two genotype 1B viruses was discovered in the JR sequences determined from four of the five additional genotype 1B viruses. Interestingly, this 2 nt deletion did not co-segregate with the JR sequence of these viruses, as it was present in three members of the five-virus genotype 1B branch and both members of the two-virus genotype 1B branch [marked by an asterisk in Fig. 4(a) ]. Evolutionary parameters calculated from these larger and more genotypically representative sequence sets, shown in Table 2 , were similar to those calculated by using the smaller genome sequence set.
Detection of genomic recombination among genotype 1B viruses
The lack of co-segregation of the genotype 1B JR sequences and the 2 nt deletion led us to hypothesize that a recombinational event had occurred in this region of the genome of these viruses, at or downstream of the deletion.
To test this hypothesis, we expanded the sequence determined upstream into the 39 end of the P90 gene (the RdRp domain) and employed several software programs designed to detect recombination events, as well as secondary phylogenetic analysis, to detect putative break points. The RIP program predicted a break point at nt 6555, within the 59 end of the C gene (which begins at nt 6512). As shown in Fig. 4(b) , this prediction is supported by trees of sequences up-and downstream of this break point. Similar to the NP tree in Fig. 4(a) , all seven genotype 1B sequences form a branch on the tree constructed by using sequences upstream of this break point (nt 5720-6554). On the tree constructed by using sequences downstream of the break point (nt 6555-6814), two sequences (TOM_UNK86 and 0754_GER92) were on a branch distinct from the other genotype 1B sequences, similar to the JR tree in Fig. 4(a) . We thus conclude that a recombinational event occurred at or near this site during the evolution of these viruses.
DISCUSSION
The goal of this study was to expand the rubella virus genomic sequence database to include viruses in the majority of the currently defined genotypes. Whilst ten genomic sequences had been reported previously, only two of the ten currently defined genotypes were represented. This study added nine genomic sequences representing an additional six genotypes, encompassing the most widely Fig. 3 . Phylogenetic trees of genomic, NS-ORF and SP-ORF sequences. Trees were constructed by using TREE-PUZZLE (version 5.2) with 50 000 puzzle steps; reliability values are indicated on each node. Genotypes are denoted, including four subclusters of genotype 1a (1a-1 to 1a-4). Genetic distance (substitutions in 100 nt) calculated by using the TN93+C substitution model is indicated by the bar below each tree.
divergent genotypes. The most striking finding was the genomic uniformity of rubella viruses, as it was discovered that 78 % of the nucleotides in the genomes of the viruses from the eight genotypes were invariant and these viruses preserved identical genomic dimensions across the two ORFs and two of the three UTRs. Only in the junction region (the UTR between the ORFs) of genotype 2B viruses, which had a 1 nt deletion, and a subset of genotype 1B viruses, which had a 2 nt deletion, was any plasticity observed. Such strict uniformity of genomic topology is highly unusual among RNA viruses (Huang et al., 2004; Kang et al., 2004; Kinney et al., 1998; Saleh et al., 2003; Takahashi et al., 2003; Tarbatt et al., 1997; van Cuyck et al., 2003; Yang et al., 2004) . Sequence diversity was also low; across the eight genotypes, the maximum observed distance was <9 % and the maximum calculated genetic distance was 14.8 substitutions in 100 sites. Regardless of this difference, substitution saturation had not occurred, indicating that, despite the limited sequence diversity among rubella viruses, sufficient phylogenetic signal was retained to support the groupings observed (Salemi & Vandamme, 2003; Xia, 2000; Xia & Xie, 2001) .
A sequence-similarity profile revealed, with two exceptions, a comparable pattern across the genome with local windows of similarity and dissimilarity varying about a relatively uniform mean, indicating that most genomic regions, including both virion protein and replicase protein genes, were equally divergent. Both observed and genetic distances between these genomic regions were comparable. The two exceptions were both within the P150 gene, with the Nterminal MT domain exhibiting less variability and the internal HVR exhibiting greater variability. Although the MT domain was predicted to encode both methyl-and guanylyltransferase activities ; neither activity has been demonstrated experimentally), the fact that 90 % of the nucleotide residues within this region are conserved raises the possibility that this region serves as a CAE in addition to encoding protein sequence. Consistent with this possibility, the phenotype of a cell culturepotentiating mutation discovered at nt 164 of the RA27/3 genome was found to be due to the nucleotide itself rather than to the encoded amino acid (Pugachev et al., 2000) . Conservation of the MT domain sequence has also been observed in other alpha-like family viruses (Gouvea et al., 1998) . The HVR encodes a proline-and arginine-rich domain of P150 termed the 'proline hinge' , although this domain contains several adaptor motifs that could serve to facilitate the association of P150 with other proteins. If this domain serves as a structural hinge between functional domains within the P150 protein, this could explain the lower constraint on sequence conservation within the HVR in comparison with the rest of the genome. On the other hand, Hofmann et al. (2003) reported data suggesting that the HVR among clade 1 viruses was under positive selection at the amino acid level. It should be pointed out that 'hypervariable region' is a relative term, in that HVRs in the genomes of other viruses are often more variable than the rubella virus HVR. For example, in the hepatitis E virus HVR, variability is >50 % (Arankalle et al., 1999; Gouvea et al., 1998; Nishizawa et al., 2003; van Cuyck et al., 2003) .
With the exception of the HVR, nucleotide residues or sites across the genome showed a strong heterogeneity in rate of divergence, as indicated by the low value of the rateheterogeneity parameter a. Sequence collections with low a values exhibit an L-shaped distribution on a graph of number of sites versus rate of divergence, rather than the bell-shaped curve generated when a is 1 (or >1). The low a value reflects the fact that roughly 80 % of the residues in the rubella virus genome were invariant in this collection of genomic sequences. The percentage of invariant residues at first and second codon positions was 93 %, compared with 48 % at third codon positions (Y. Zhou, unpublished data), and thus maintenance of amino acid sequence is a substantial component of the conservation of nucleotide sequence. Among third codon positions, the G+C content was 81 mol%, compared with 63 mol% among first and second codon positions (Y. Zhou, unpublished data), and thus there was selection for G and C residues. This selection was also evident in the HVR, within which the G+C content was 81 mol%, compared with 70 mol% for the genome.
Among the nucleotide substitutions at the 20 % of genomic sites that exhibited variability, transitions were strikingly more abundant than transversions; across the genome, the transition to transversion ratio, K, was 7.0 and varied among genomic regions from 4.5 to 13.4. Thus, the rubella virus genome exhibited the transition over transversion preference that has been well documented in DNA genomes (Meyer et al., 1999; Salemi & Vandamme, 2003) . This preference has been attributed to the facts that transitions are more likely to lead to silent mutations in amino acid . On all three trees, genotype 1B viruses are indicated by dots (filled or empty for the clusters of five or two viruses, respectively, on the JRbased tree), and in (ii), genotype 1B viruses with a 2 nt deletion at nt 6480-6481 are indicated by stars. (b) Trees were constructed by using nt 5720-6554 (i) or 6555-6814 (ii), on either side of the putative recombination break point. Differential segregation of two of the genotype 1B viruses is indicated by arrows. All trees were constructed with TREE-PUZZLE (version 5.2; 100 000 puzzle steps). Reliability values are indicated on each node and genetic distance (substitutions in 100 nt) calculated by using the TN93+C substitution model is indicated by the bar below each tree.
sequence and that, during replication, it is more likely that a mutation to a nucleotide of equal size (transition) will occur than to a nucleotide of different size (transversion). In RNA genomes, the possibility of both G-C and G-U pairing would also favour transitions in the replication process. Interestingly, pyrimidine transitions were favoured over purine transitions by a ratio (Y/R) of 2.7 across the entire genome; Y/R varied from 0.9 to 3.7 in genomic regions. Within the HVR, the most variable region of the genome, both K and Y/R were lower than for the entire genome and most of the other genomic regions, indicating that the variability in this region was generated in part by relaxing of the genomic preference for pyrimidine transitions over transversions and purine transitions.
Phylogenetic analysis of rubella viruses has traditionally been done on the basis of E1 gene or subE1 gene sequences and a standard taxonomy was proposed recently, based on a window within the E1 gene, that was substantiated by using complete SP-ORF sequences (WHO, 2005) . The second goal of this study was to extend phylogenetic analysis to the 59 region of the genome and we found that generally comparable trees, in terms of both overall variability and phylogenetic clustering, were generated with sequence windows in the NSP-ORF. The exception was a group of seven genotype 1B viruses that formed a branch in a tree based on NP sequence, but formed two branches on the basis of JR sequence. Intriguingly, a deletion in the junction region of five of these seven viruses did not segregate with the two phylogenetic branches on the JR tree. Analysis revealed a recombinational event, putatively near the 59 end of the C gene, that led to the generation of the two branches on the JR tree. There was one previous report of a natural recombination event in Rubella virus (in the E1 gene; Zheng et al., 2003a) , but the origin of the recombinant strain was in doubt because one of the parents was related closely to a commonly used laboratory strain. Thus, this was the first conclusive evidence of rubella virus recombination in nature.
Interestingly, the E1 sequences of the seven genotype 1B viruses did not cluster on the E1-based tree and, in comparison with the NP-and JR-based trees, this could be due to divergence or additional recombinational events. As can be seen in the tree in Fig. 1 , genotype 1B consists of two sub-branches that would not necessarily appear to be related if fewer sequences were employed (e.g. the E1-based tree in Fig. 4 ). It is also to be noted that all of the WHO reference strains are on one of these sub-branches. Thus, for this genotype, phylogenetic analysis using sequences from the NSP-ORF region of the genome could be useful in assessing relatedness.
